Background. Recent studies have suggested that major depressive disorders are associated with a breakdown in the organization of ultradian rhythm in sleep EEG. The present study used crossspectral analysis of sleep EEG to confirm this finding, in a larger-scale study, evaluating the influence of gender and age on ultradian rhythms in depression. Methods. Temporal coherence of ultradian (80-120 min) rhythms in beta, theta and delta, recorded from central and parietal sites, were compared in 120 symptomatic, unmedicated, depressed outpatients and 59 healthy normal controls. Results. Few macro-architectural differences were noted between patients and controls. However, interhemispheric beta and theta coherence and intrahemispheric coherence between beta and delta rhythms were significantly lower in depressed patients. Coherence measures were lowest in women with depression and highest in men in the control group, but were not strongly influenced by age. Over 65 % of depressed patients were 2 standard deviations below normal on at least one coherence measure, in sharp contrast to less than 10 % of patients on macro-architectural variables. Conclusions. It was concluded that dysregulation of ultradian rhythems characterizes the majority of depressed out-patients, primarily women, even when macro-architecture did not differentiate groups. The outcome of this study supports the view that the pathophysiology of depression is strongly influenced by gender. It was suggested that low temporal coherence in depression reflects a breakdown in the organization of sleep EEG rhythms within and between the two hemispheres.
INTRODUCTION
Rhythms are ubiquitous, present even in the most primitive of plant species (Mistlberger & Rusak, 1989) and arise from self-organization of complex systems (Jantsch, 1980) . Self-organization of arousal and activation in mammalian brain is reflected in circadian (24 h), ultradian (shorter than 24 h) and infradian (longer than 24 h) rhythms in physiology, biochemistry and behaviour (Halberg, 1977) .
The notion that major depressive disorders are associated with biological rhythm disturbances was introduced more than 40 years ago (Healy, 1987 ; Wirz-Justice, 1995) . Abnormali-ties in rhythms could manifest in a shift in period length, a reduction in the amplitude or strength of the rhythm, or desynchronization and uncoupling of rhythms that usually covary, all of which have been described in depressed patients (Healy, 1987 ; Wirz-Justice, 1995) . Two recent reviews, however, have concluded that there is no primary circadian rhythm disturbance in depression (Healy & Waterhouse, 1995 ; WirzJustice, 1995) . This has been most clearly demonstrated with temperature, the gold standard of circadian rhythms .
Nevertheless, a wealth of data indicate that neuroendocrine, hormonal and neurotransmitter regulation are compromised in depression (Janowsky et al. 1996) . In addition, depression is associated with significant sleep disturbance, particularly with regard to the timing of REM sleep (Reynolds & Kupfer, 1987) . Taken to-gether, these findings suggest that depression may be better characterized by ultradian rather than circadian disturbance.
Depression has been associated with a short ( 65 min) latency to the first rapid eye movement (REM) sleep period, a shift in the distribution of REM sleep to the first half of the night, increased phasic activation during REM sleep and increased total REM time (Reynolds & Kupfer, 1987 ; Kupfer et al. 1974 ; Armitage, 1995) . Depressed patients also show a more rapid induction of REM sleep in response to a cholinergic challenge (Gillin et al. 1991 ; Riemann et al. 1991 ; Riemann & Berger, 1992) . Although REM sleep abnormalities are not specific to depression and have been reported in other psychiatric disorders (Benca et al. 1992) , it is estimated that about 40-60 % of out-patients show abnormal REM architecture (Armitage, 1995) . Moreover, depression has also been associated with prolonged sleep onset, reduced slow-wave sleep, increased wakefulness and increased sleep fragmentation.
Quantitative EEG analyses during sleep, or so-called microarchitecture, have also revealed abnormalities in depressed patients. A number of studies have consistently reported loweramplitude delta activity or a reduction in the number of high-amplitude delta waves during non-rapid eye movement (NREM) sleep in depressed patients compared to healthy controls (Borbe! ly et al. 1984 ; Kupfer et al. 1984 Kupfer et al. a, b, 1990 Reynolds et al. 1990 ; Buysse et al. 1994 ; Armitage, 1995) , although not all studies support this finding (Mendelson et al. 1987 ; Armitage et al. 1992 b) . In addition, an abnormal time course in the accumulation and dissipation of delta has been described as a characteristic of some patients with major depressive disorder (MDD) primarily among men . Although the precise nature of delta abnormalities is equivocal, most studies do indicate a disruption in the distribution of delta activity across the night in patients with MDD ( Van den Hoofdakker & Beersma 1986) .
Sleep microarchitectural abnormalities in MDD are not just restricted to delta frequencies, but are also found in higher frequencies, most notably alpha (Borbe! ly et al. 1984) and beta (Armitage et al. a, b, 1995 Armitage, 1995) and in total EEG power (Borbe! ly et al. 1984) . Those with MDD show greater amplitude and incidence of high-frequency activity during sleep than that observed in healthy controls regardless of whether analysis are sleep-stage independent (Armitage et al. 1992 b) or conducted within each sleep stage . Of particular interest is the finding that women with MDD had the highest incidence of beta activity throughout sleep (regardless of sleep stage), yet also showed more delta than men with MDD in two independent studies , suggesting that MDD is characterized by dysregulation of sleep EEG rhythms rather than simple hyperarousal.
Several researchers have suggested that both the sleep macro-and micro-architectural abnormalities in MDD may be accounted for by a single ultradian rhythm disturbance (Vogel et al. 1980 ; Beersma et al. 1984 ; Armitage, 1995 ; . In adults, primary ultradian rhythms have a 90 min periodicity. The 80-120 min REM\NREM sleep cycle is perhaps the best documented ultradian ' rhythm ' in adults. However, Webb has clearly demonstrated that changes in REM-NREM sleep stages do not meet criteria for a rhythm per se, as the interval between them shortens across the night and violates assumptions of stationarity (Webb, 1982) . Nevertheless, the sleep cycle has been viewed as part of the ultradian basic restactivity cycle (BRAC) that persists throughout sleep and wakefulness and is coupled with rhythms in mood, alertness and cognitive performance (Kleitman, 1963 ; Broughton, 1975 ; Klein & Armitage, 1979) .
Our research group has had a long-standing interest in the 90 min ultradian rhythms in sleep micro-architecture that underlie REM-NREM cycles (Armitage, 1986 (Armitage, , 1995 Armitage et al. 1992 c ; . Approximate 90 min rhythms in beta, theta and delta activity have been reported in healthy young adults in both sleep and wakefulness and are strongly correlated across sleep and wakefulness (Manseau & Broughton, 1984 ; Okawa et al. 1984 ; Armitage, 1986 ; Armitage et al. 1989 .
We have also investigated ultradian rhythms in sleep EEG frequencies in depressed patients focusing on temporal coherence, a measure of the degree of synchrony or coupling between allnight EEG rhythms. An initial report of 18 depressed out-patients and age-and sex-matched controls indicated that temporal coherence between 90 min beta and delta rhythms was significantly lower in those with MDD (Armitage et al. 1992 b) . This study, however, included only the left central EEG electrode site, and thus constituted an evaluation of temporal coherence in intrahemispheric rhythms. A later report of an independent sample of 36 patients and controls confirmed lower temporal coherence between beta and delta rhythms in both left and right hemisphere recording sites and in interhemispheric beta rhythms in the MDD group (Armitage et al. 1993) , consistent with the notion that the organization of ultradian rhythm is compromised in depression. Both of these studies, however, included relatively small sample sizes and did not take age and sex into account.
Micro-architectural abnormalities in MDD have also been shown to be strongly influenced by gender (Armitage, 1995 ; Armitage et al. 1995 . Although sex differences have also been reported in healthy young adults (Dijk et al. 1989 ; Ehlers & Kupfer, 1997) , the magnitude of differences between depressed men and women appears to be substantially larger than those observed in controls (Armitage, 1995 ; Armitage et al. 1995 . By contrast, Reynolds et al. (1990) reported stronger main effects for age than for sex, although these effects were not evaluated with regard to discriminating patients from controls. In the latter context, sex effects may account for more variance than age and may also influence temporal coherence of sleep EEG rhythms.
The goal of the present study was to evaluate low temporal coherence in a large sample of outpatients with MDD (N l 120) and healthy controls (N l 59) with specific emphasis on sex and age effects.
METHOD

Out-patients with MDD
One hundred and twenty out-patients, 18-56 years of age (average 35n5p10n3 years), who met criteria for non-psychotic, moderate to severe MDD and who had a minimum score of 18 on the 17-item Hamilton Rating Scale for Depression (Hamilton, 1960) were included in study. The sample included 45 men and 75 women. Diagnoses were made on the basis of the Structured Clinical Interview for DSM-III-R (SCID) (Spitzer et al. 1986) . Those patients with current general medical conditions, or current Axis I disorders in the categories of organic mental syndromes or disorders, bipolar disorders, schizophrenia, delusional or psychotic disorders were excluded. Patients with a history of psychoactive substance abuse within 12 months prior to study were also excluded as were those with other general medical conditions. All patients were medication-free for 2 weeks ( 4 weeks for MAOIs and 6 weeks for SSRIs). Thus, the sample included those with moderate to severe depression who were symptomatic but unmedicated at the time of study. Demographic and clinical information on patients is shown in Table 1 .
Healthy controls
Fifty-nine healthy adults 18-55 years of age (average 30n0p8n7 years) who were screened for medical and psychiatric healthiness also participated in study. The SCID (Non-patient Version) confirmed the absence of past or present psychiatric illness in each participant. Further, no first-degree family members had a history of any psychiatric pathology, based on participant interview. The sample included 34 men and 25 women.
Total sample
Full medical and psychiatric examinations including lab tests and urine screens were conducted on all participants to ensure that inclusion and exclusion criteria were met. For both groups of participants, history of head trauma, shift work or failure to provide written informed consent excluded subjects from study. Any medication use except for non-steroidal anti-inflammatories was proscribed. In addition, women who were pregnant, lactating or sexually active and not using contraception were not enrolled. The study was approved by the Institutional Review Board and carried out in accordance with the tenets of the Declaration of Helsinki. The quantitative EEG data in this study has not been reported elsewhere, although the sleep macro-architecture on 80 of the depressed patients has been included as part of other reports Hendrickse et al. 1994 ; Trivedi et al. 1998) . 
Procedures
Each participant spent two consecutive nights in the University of Texas Southwestern Medical Center Sleep Study Unit, the first of which served as laboratory adaptation. All participants maintained regular bed-and rise-times for 5 days prior to study, verified by home diary. This habitual sleep schedule was also followed in the laboratory. Any subject with more than one half-hour deviation in sleep schedule during the 5 days was excluded from the study. All subjects slept 7-8 h in bed at home and in the laboratory. Subjects entered the laboratory for electrode application approximately one and one-half hours prior to scheduled bedtime. The electrode montage included left (C3) and right (C4) central EEG, left (P3) and right (P4) parietal EEG, left and right electro-oculograms (EOG) recorded from the upper and lower canthi, and a bipolar, chin-cheek electromyogram (EMG). Night 1 also served as an additional screening for independent sleep disorders including apnea, bruxism and periodic limb movements and included leg leads, chest and abdomen respiration bands and a nasal-oral thermistor in the electrode montage. EEG electrodes were referenced to the ear lobes connected to a 10 kΩ resistor to minimize nonhomogeneous current flow and potential artefactual hemispheric asymmetries (Nunez, 1981) , as is standard in our laboratory. EEG was transduced by GRASS TM P511 A\C amplifiers set at a sensitivity of 5 (50 µV, 0n5 s calibration), corresponding to a gain of 50 000. The half-amp low-and high-bandpass filters were set at 0n3 and 30 Hz, respectively. A 60 Hz notch filter attenuated electrical noise.
Signals were digitized on-line at 250 Hz (62n5 Hz for EOG and EMG) through a 16-bit MICROSTAR TM analogue-to-digital (A\D) converter and displayed on a digital polygraph system designed and validated in-house. Raw digitized data were stored on a write-once-readmany (WORM) optical disk for off-line period amplitude analysis and the computation of temporal coherence.
Sleep records were scored according to standard criteria (Rechtschaffen & Kales, 1968) by research personnel trained at better than 90 % agreement on an epoch-by-epoch basis. All records were inspected visually and epochs containing movement, breathing or muscle artefact, or recording difficulties were excluded from analysis. An average of 5n1p0n8 epochs were excluded resulting in the loss of 3 min of EEG data over the 7-8 h recording period.
Signal processing
There are several steps in computing temporal coherence of EEG rhythms. The first is to quantify sleep-stage independent, all-night EEG activity, usually accomplished through the use of period amplitude analysis (PAA) or power spectral analysis (PSA) describing incidence and amplitude or power, respectively, in each EEG frequency. The relative merits of the two techniques have been debated elsewhere (Ktonas & Gosalia, 1981 ; Pigeau et al. 1981 ; Ktonas, 1987 ; Geering et al. 1993 ; Armitage & Hoff-mann, 1997) . Due to our interest in describing fast-frequency EEG activity, we chose PAA since it is biased toward fast-frequency events and has been particularly useful in capturing sex differences in patients with MDD (Armitage et al. 1995) .
The complete details of the PAA algorithm have been described elsewhere (Hoffmann et al. 1979 ; Armitage et al. 1992 b) . For the purposes of this report, delta (0n5 to 4 Hz), theta (4 to 8 Hz) and beta (16-32 Hz) incidence were quantified using a zero-cross analysis for delta and first-derivative analysis for theta and beta for each 30 s epoch of sleep. This decision to focus on these three frequency bands was driven by previous work demonstrating strong ultradian rhythms in these EEG bands in both healthy individuals (Manseau & Broughton, 1984 ; Okawa et al. 1984 ; Armitage et al. 1992 c) and patients with MDD (Armitage et al. 1989 (Armitage et al. b, 1993 Armitage, 1995) .
The second step in computing temporal coherence is to determine whether the changes in beta, theta and delta incidence are predictably recurrent throughout the night (i.e. show a ultradian rhythm with a fixed period) and to quantify the strength or amplitude of the rhythm, achieved through the use of bivariate crossspectral analysis (Gottman, 1981) . Time series were constructed from beta, theta and delta incidence measures averaged across 1 min epochs. Cross-spectral power, coherence and period length were evaluated from 1-7 cycles in the entire 7-8 h recording period (i.e. maximum period of 420-480 min ; minimum period of about 60 min) separately for each subject. The period at which cross-spectral power was maximal was identified as the dominant rhythm in each pair of incidence measures. The figures below illustrate the information that is captured in interhemispheric beta coherence. In keeping with our previous work, we evaluate interhemispheric coherence between left and right beta rhythms, and between left and right theta rhythms. Intrahemispheric coherence is evaluated between beta and delta rhythms in the right and in the left hemispheres, and between theta and delta rhythms in the right and left hemispheres (Armitage et al. b, 1993 Armitage, 1995 ; . Fig. 1 (top) illustrates beta incidence from left (C3) and right (C4) hemispheres recorded in a normal control (NC) woman. Note that beta incidence waxes and wanes periodically across the night. Left and right hemisphere beta incidence showed changes that were in-phase and resulted in high coherence at 96 min. These left and right beta incidence values\epoch constitute the time series of 480 1-min epochs from which interhemispheric beta coherence was computed. The dominant rhythm was 96 min in each of left and right beta and between the two (cross-spectral power) and coherence at 96 min was 0n99, indicating high synchronization between left and right beta rhythms. Fig. 1 (bottom) illustrates left and right beta incidence in an age-and gender-matched, unmedicated, symptomatic (HRS-D "( l 23) outpatient with MDD that resulted in very low beta coherence. Note that the phase relationship between left and right beta was inconsistent and changed erratically throughout the night, although both left and right beta showed 96 minperiod. The coherence between the two was dramatically lower (0n43) than that obtained from the NC above. The cross-spectral power, however, was not significantly lower than the NC and shows the same period, indicating that it is not dampened or phase-shifted ultradian rhythmicity, but low coherence, i.e. desynchronized left and right beta rhythms that characterizes this patient and others with MDD. Intrahemispheric coherence measures are derived in a similar fashion.
Macro-architectural variables
Although the key focus of this paper was on temporal coherence of ultradian rhythms, sleepstage variables were also included for comparative and interpretative purposes. These included : total time in bed (TIB), total sleep period (TSP), sleep latency and REM latency, expressed in minutes. Time in bed was defined as the minutes of the total recording period. The total sleep period was defined as the minutes from persistent sleep onset to morning awakening. The minutes and percentage of sleep stages were expressed relative to total sleep period. Sleep latency was defined as the time in minutes to the first 10 min segment of any sleep stage, with not more than 2 min of intervening wakefulness, i.e. latency to persistent sleep . REM latency was defined as the minutes from sleep onset to the first epoch Time of night F. 1. All-night beta incidence from left (C3, --) and right (C4, ----) recording sites from period amplitude analysis in a 22-year old healthy normal control (NC) woman (top) and from an age-and gender-matched, unmedicated out-patient with major depressive disorder (MDD).
of REM sleep with no minimum duration criterion. Sleep efficiency (TSP\TIB), the number of arousals ( 0n5 min) and average REM density were also computed. REM density was computed on a four-point scale and averaged for each minute of REM sleep.
Statistical procedures
Following cross-spectral analysis, the coherence, periodicity and power values were entered into a dataset along with age, and coded for group (MDD v. NC) and sex, the between-group variables. An age cutpoint of above or below 30 years was used, following Ehlers & Kupfer (1997) who demonstrated that age-and genderrelated changes in delta activity were more apparent in healthy adults after the age of 30. For interhemispheric measures, EEG frequency band was treated as a repeated hemisphere. For the intrahemispheric measures, EEG frequency band and hemisphere were treated as nested, two-level, repeated measures. Multivariate analyses of variance (MANOVAs) were used to evaluate between-group differences. Separate 2i2i2 MANOVAs were computed on interand intra-hemispheric measures derived from central and parietal recording sites. The sex by group by age interactions were tested first, followed by two-way interactions and main effects, if a significant overall MANOVA effect was found, using an experiment-wise α l 0n05. For additional protection against Type I errors, the conservative Wilks-Lambda F ratio was used to determine significance of MANOVA effects. Least-squares multiple comparison tested individual mean differences for significant effects. Two MANOVAs were computed on the sleep macro-architectural variables following the same statistical rules as outlined above. The percentage of sleep states (1, 2, SW and REM) were treated as a four-level repeated measure. The percentage awake was excluded from the repeated-measures MANOVA to avoid multicolinearity and an over determined matrix (see Pedhazur, 1982, p. 232) . The percentage awake was included with the other six macro-architectural variables in a between-group 2i2i2 MANOVA. Pearson's product moment corre-lations evaluated the relationship between macro-and micro-architecture. All primary statistical analyses were based on Night 2 data.
RESULTS
Macro-architecture
The means and standard deviations of the macroarchitectural variables are shown in Table  2 . For the most part, men with MDD showed the most disrupted sleep, particularly in those over 30 years of age. By contrast, sleep macroarchitecture in the women with MDD was relatively ' normal ', with the exception of prolonged sleep latency in older depressed women. Only the percentage sleep stage measures differed between groups (see below).
The between-groups MANOVA revealed a significant overall group by sex by age effect (F l 1n5, df l 56, 889, P 0n02), a group by sex interaction (F l 2n3, df l 24, 488, P 0n0007) and main effects for group (F l 2n2, df l 8, 168, P 0n03) and sex (F l 2n7, df l 8, 168, P 0n009). However, univariate analyses revealed that only one of the seven variables entered into the MANOVA model showed significant effects, namely percentage awake. A significant three-way interaction (F l 5n3, df l 4, 174, P 0n0005), a group by sex effect (F l 7n8, df l 3, 175, P 0n0001) and main effects for group (F l 3n9, df l 1, 175, P 0n05) and sex (F l 15n7, df l 1, 175, P 0n0001) were ob- 
* Significant group main effect from ANOVA P 0n05. † Significant group interaction from ANOVA P 0n05. Percentage of sleep stages expressed relative to total sleep period (from sleep onset to morning awakening).
tained from ANOVA. Multiple comparisons indicated that men with MDD, regardless of age, had more percentage awake than all other groups (P range : 0n002-0n0001). None of the other individual means differed significantly. With regard to the other percentage Stage measures, repeated-measures MANOVA revealed an overall significant sleep stage by group by sex by age interactions (F l 3n6, df l 21, 486, P 0n0001). Univariate ANOVAs indicated group by sex by age interactions for percentage Stage 1 (F l 5n2, df l 7, 17, P 0n001), percentage SW (F l 6n8, df l 7, 171, P 0n0001) and percentage Stage 2 (F l 2n22, df l 7, 171, P 0n04). The percentage Stage 1 also showed group by sex (F l 8n1, df l 3, 175, P 0n001), and group by age interactions (F l 3n2, df l 3, 175, P 0n02), along with main effects for sex (F l 16n4, df l 1, 175, P 0n0001) and age (F l 5n8, df l 1, 175, P 0n02).
Least-squares multiple comparisons confirmed that percentage Stage 1 sleep was significantly higher in MDD men over 30 than all other groups (P range : 0n005-0n0001). No other individual mean differences were significant for this measure. The percentage SW also showed group by sex (F l 5n8, df l 8, 175, P 0n0008) and group by age interactions (F l 11n9, df l 3, 175, P 0n0001) along with main effects for group (F l 5n0, df l 1, 175, P 0n03), sex (F l 9n5, df l 1, 175, P 0n002) and age (F l 28n4, df l 1, 175, P 0n0001). Multiple com- The percentage Stage 2 also showed a significant group by sex interaction (F l 3n0, df l 3, 175, P 0n05) but not a group by age effect (F 1). A sex main effect was also evident (F l 5n2, df l 1, 175, P 0n02). Multiple comparisons indicated that MDD men over 30 had less percentage Stage 2 than NC men over 30 and MDD women in both age groups (P range : 0n03-0n0004). None of the other individual means differed significantly on this measure.
In summary, only the percentage sleep stage variables differentiated patients with MDD from controls due primarily to increased percentage Stage 1 and percentage awake and decreased percentage Stage 2 and percentage SW in men with MDD over 30.
Micro-architecture
Periodicity and amplitude The average periodicity of ultradian rhythms derived from central electrode sites was 118n2 p32n1 (range l 80-130) min in the NC group and 125n8p91n3 (range l 68-180) min in the MDD group. Shorter periodicity was found for interhemispheric beta coherence and theta activity with longer rhythms in intrahemispheric measures in both groups of subjects. In general, periodicity tended to be shorter in women than in men in the MDD groups, contributing to the relatively large variance in the MDD group. However, MANOVA did not reveal significant main effects or interactions on any of the periodicity measures (F 1). Periodicity of ultradian rhythms derived from parietal electrode sites also did not differ significantly by group, sex or age (F l 1). The average periodicity was 119n3p29n6 in the NC group and 128n4p62n8 in the MDD group. Thus, the periodicity measures did not show differences between groups, providing little evidence of phase-shifted ultradian rhythms in those with depression.
The average strength or amplitude of the ultradian EEG rhythms, as reflected in crossspectral power at the dominant period, was 1n9p0n8i10$ (range : 0n8-2n8i10$) in depressed patients and 1n8p0n6i10$ (range : 1n0-3n1i10$) in healthy controls. No systematic betweengroup differences were noted, supported by F 1 for group and sex main effects and for the interactions. Although age effects were not significant, there was some evidence that the strength of ultradian rhythms declined with age, independent of depression (F l 2n0, df l 1, 175, P 0n15).
Interhemispheric coherence
The means and standard deviations of the coherence measures derived from central sites are shown in Table 3 by group and sex. Coherence was lower in the group with MDD compared to controls, especially in women.
Repeated-measures MANOVA of coherence data derived from central sites revealed no significant group by sex by age or group by sex interactions for interhemispheric coherence (F 1). However, overall group and sex main effects were evident (F l 4n2, 3n9 ; respectively, df l 1, 175, P 0n05). Age showed no significant effect on interhemispheric coherence (F l 1). Univariate analyses confirmed lower beta coherence in the depressed group than in controls (F l 6n2, df l 1, 176, P 0n03). Interhemispheric theta coherence showed only a group main effect from ANOVA (F l 3n9, df l 1, 176, P 0n05). The sex main effect approached significance for theta coherence (F l 2n9, df l 1, 176, P 0n08) but not beta. Thus, interhemispheric beta and theta coherence were significantly lower in depressed patients than controls, and were influenced by sex but not age.
Intrahemispheric coherence
Intrahemispheric coherence between beta and delta showed a significant group by sex by age interaction from MANOVA (F l 3n85, df l 7, 171, P 0n05). Univariate analyses confirmed three-way interactions for coherence between beta and delta in both the left and right hemispheres (F l 2n8; 3n1, respectively, df l 7, 171, P 0n01). Coherence between beta and delta also showed a marginal group by sex effect (F l 2n6, df l 3, 175, P 0n09), a group by age interaction (F l 5n1, df l 3, 175, P 0n009) and group main effects in both the left and right hemispheres (F l 14n1; 7n2 respectively, df l 1, 175, P 0n008). Overall, the depressed group had significantly lower coherence between beta and delta rhythms than controls. Multiple comparisons confirmed lowest coherence in women with MDD regardless of age (P range : 0n05-0n007). Older, but not younger, men with MDD showed lower coherence than women in the control group, thus accounting for the threeway interaction. However, the effect size was largest for between-group differences.
Intrahemispheric coherence between theta and delta rhythms showed a group main effect (F l 4n5, df l 1, 175, P 0n04) but no significant interactions. Univariate analyses indicated that depressed patients had lower coherence than controls but only between theta and delta rhythms in the right hemisphere (F l 4n1, df l 1, 175, P 0n05). Although these coherence measures were also consistently lowest in women with MDD, sex did not account for a substantial portion of the overall variance.
The results from the coherence analyses were in contrast to the macro-architectural findings, which showed worse sleep in men with MDD, whereas lowest values for coherence were evident in women with MDD. Moreover, lower coherence among women with MDD was evident in both those older and younger than 30 years of age. Group main effects were stronger than interactions with sex and age, again in contrast to macro-architectural variables. In fact, age main effects were not evident in any coherence measures.
The analyses of coherence data derived from parietal sites showed very similar results, with group main effects and group by sex interactions on interhemispheric beta coherence and coherence between beta and delta in both hemispheres (P 0n05). Those with depression had lower coherence than normal controls, with lowest coherence in depressed women.
To illustrate the comparability of betweengroup differences in coherence from central and parietal sites, Figure 2 presents the mean differences in interhemispheric beta and intrahemispheric coherence between beta and delta between groups. Note the pattern within and between groups is virtually identical in both electrode sites.
Sensitivity in discriminating MDD from NC
Also of interest was the degree of sensitivity of macro-and micro-architectural measures in differentiating those with MDD from NCs. We first determined the number of subjects who were 2 ..s outside NC means on each of the key measures. For sleep latency, percentage Stage 1 and percentage Awake, the criterion was the age-adjusted mean of the NC group plus 2 ..s, whereas the mean minus 2 ..s was used for REM latency, sleep efficiency, percentage SW sleep and all coherence measures. None of the 120 MDD subjects fell outside criteria on all variables, whereas less than 10 % were identified as abnormal on at least one variable. For the individual variables, 5\120 (4 %) MDD subjects fell outside criterion on REM latency and on sleep latency. The percentage Stage 1 identified six subjects (5 %) as abnormal, five of whom were men. Only 3\59 (5n1 %) NCs fell outside criterion. Thus, the distribution of macroarchitectural variables was relatively normal in both groups of subjects.
The coherence measures identified a larger number of patients with MDD as 2 ..s outside age-adjusted normal values. Using the criterion of 2 ..s on at least one coherence measure, 84\120 (67 %) were identified as abnormal. Twenty-five per cent (30\120) were outside criteria on all six coherence measures, the majority of whom were women. With regard to specific measures, interhemispheric coherence identified 32-50 % of patients as abnormal whereas intrahemispheric defined 30-57 % as at least 2 ..s below the normal control mean. About 5 % of normals fell outside the mean range. In addition to identifying a high number of low values, the distribution of coherence values was strongly bimodal in the depressed group, again in sharp contrast to macroarchitectural measures.
Reliability of coherence measures
The reliability of temporal coherence is central to the utility of the measures in differentiating depressed patients from healthy controls. To address this issue, MANOVA contrasted coherence values using night in study and electrode site as repeated measures. We reasoned that since laboratory adaptation effects are generally quite dramatic, that a failure to obtain a significant change in coherence from the first to second night in study would provide strong evidence for the reliability of the measures. The MANOVA provided F ratios 1 for both electrode site and night. As a result, data are not shown. Temporal coherence was remarkably stable across nights and recording sites.
Relationship between macro-and microarchitecture As highlighted above, the macro-and microarchitectural measures present a different view of sleep abnormalities in depression, as seen by contrasting Tables 2 and 3 . To evaluate further the relationship between macro-architecture and coherence, correlations were computed between the two sets of measures. Since between-group differences were evident in both sets, separate Pearson's correlations were computed by group and sex.
Overall, macro-architectural and coherence measures were largely unrelated. Women in the NC group showed a significant correlation between interhemispheric beta coherence and REM latency (r lk0n45 ; P l 0n04), indicating that as REM latency increased, beta coherence decreased. Men in the NC group also showed a negative correlation between these variables which approached significance (r lk0n36 ; P l 0n06). No other correlations were significant in NC men and women. Interhemispheric beta coherence also correlated with percentage REM (r l 0n24 ; P l 0n03) but only in women with MDD. In both men and women with MDD no other correlations were significant. Thus, the macro-architecture and coherence measures were largely independent, indicating that they reflect different aspects of brain organization during sleep.
DISCUSSION
The macro-architectural findings reported here are at least in partial agreement with previous work (Reynolds & Kupfer, 1987 ; Kupfer et al. 1989 a, b ; Reynolds et al. 1990 ; Buysse et al. 1994) , even though REM latency did not discriminate groups. The findings support the view that a cluster of variables, rather than one individual measure, best characterizes sleep macro-architecture in MDD (Benca et al. 1992) . Moreover, age effects were stronger than group differences and were larger than sex effects, although significant interactions were also evident. Although depressed men over 30 years of age tended to have more disturbed sleep, only percentage awake and Stages 1 and 2 differed significantly from NC men in the same age group. Under age 30, only percentage awake differentiated depressed men from controls. By contrast, none of the macro-architectural measures distinguished depressed women from control women, regardless of age. There are several factors that may contribute to our failure to find macro-architectural differences. First, the length of the current episode of depression in this sample was more than 30 months. Recent work has shown that sleep abnormalities are more dramatic earlier in the episode (Dew et al. 1996) and thus our failure to find strong betweengroup differences may be due to the long length of the current episode. Secondly, our sample was relatively young, with the majority of patients under 40 years of age. Reynolds and colleagues have clearly demonstrated that sleep disturbances are even more dramatic in older patients (Reynolds et al. 1990 ). Indeed, between-group differences were stronger in men over 30 years of age. Out-patient status and regularized sleep schedules prior to the lab visit also could have minimized the degree of sleep disturbance in the depressed patients. Nevertheless, the small between-group differences in macro-architecture make the temporal coherence findings even more striking.
To summarize micro-architectural findings, period length and amplitude of ultradian rhythms in beta and theta did not differ significantly between depressed patients and controls. Thus, there was no evidence of phaseshifted or dampened rhythms in the those with depression. Temporal coherence of ultradian rhythms did discriminate between groups, suggesting that desynchronization and uncoupling of sleep EEG rhythms is characteristic of depressed patients. Interhemispheric beta coherence and intrahemispheric beta-delta coherence was significantly lower in those with MDD compared to controls. Inter-and intrahemispheric theta coherence measures also tended to be lower in those with MDD. These differences were evident in both central and parietal recording sites and did not appear to show laboratory adaptation or ' first night ' effects. Note, however, that temporal coherence was strongly influenced by gender in those with depression.
Using the criterion of 2 ..s below normal control means, coherence measures identified 30-70 % of those with MDD as abnormal, in comparison to 0-5 % on macro-architectural measures. A full 25 % of patients were 2 ..s below normal on all six coherence measures. In addition, the distribution of macro-architectural variables was relatively normal in the depressed group, whereas coherence variables showed a marked bimodal distribution. Thus, it was not just a few outliers with extreme values that contributed to lower mean coherence, but a large group of individuals, most of whom were depressed women.
These temporal coherence findings provide strong support for the notion that a primary ultradian rhythm disturbance characterizes depression, as suggested by Beersma et al. (1984) and Vogel et al. (1980) , although it is the uncoupling and dysregulation of ultradian EEG rhythms rather than a phase-advance or dampened amplitude that appears to be characteristic of depression. However, the caveat must be added that ultradian rhythm disturbances are more characteristic of depressed women than of men. Our additional work indicates that men with depression are more likely to show reductions in slow-wave activity in NREM sleep and an abnormal time course in the accumulation and dissipation of slow-wave activity (Armitage et al. , 1999 . These findings are more consistent with homeostatic and sleep regulatory impairment in depressed men in keeping with the slow-wave sleep deficiency hypothesis of Borbe! ly & Wirz-Justice (1982) . Thus, it appears that depressed women are more likely to show ultradian rhythm dysregulation and depressed men show slow-wave sleep regulatory impairment.
The finding of lower coherence in women with MDD is also consistent with the well-known increased prevalence of depression among women. It is estimated that after puberty, women are at twice the risk for the development of depression than are men (Halbreich & Lumley, 1993 ; Heller, 1993 ; Kessler et al. 1993 Kessler et al. , 1994 . The observation of more dramatic micro-architectural abnormalities in women with MDD and greater macro-architectural disturbances in men with MDD also adds substantial support to the view that the pathophysiology of depression differs for men and women (Halbreich & Lumley, 1993 ; Heller, 1993 ; Armitage, 1995 ; Armitage et al. 1995 .
Since the strongest effects were evident in interhemispheric beta coherence and coherence between beta and delta rhythms in both the left and right hemispheres, one might conclude that primary ultradian disturbance is in fastfrequency rhythms, reflecting simple hyperarousal in those with depression. However, as previously shown by , Armitage (1995) , Armitage et al. (1995) , sleep fragmentation and intermittent wakefulness do not account for micro-architectural abnormalities. On the contrary, including only epochs of unambiguous SW sleep, elevated beta activity was still evident in the MDD group compared to controls, and highest in women with MDD . Depressed women showed concomitant elevations in beta and delta activity, more consistent with global EEGfrequency dysregulation as a characteristic of MDD rather than hyperarousal. Moreover, the macro-architectural data reported here indicate that men with MDD had more Stage 1 sleep and wakefulness during the night, but it was the women with MDD who had lowest coherence in beta and delta rhythms. Thus, it is not simply elevated beta that produces low coherence.
We offer an alternative interpretation, namely that low inter-and intra-hemispheric beta coherence reflects a breakdown in the fundamental organization of arousal and activation during sleep in depressed women. Such an interpretation accounts for both the continued presence of delta activity and SW sleep coupled with increased beta activity reported in women with MDD (Armitage, 1995 ; Armitage et al. 1995 and the reduction and altered time course of delta in men with MDD . Since coherence, but not periodicity or amplitude, of ultradian rhythms was found to differ from controls, it seems likely that the inconsistent phase relationship and the loss of coordination in left and right beta activity and between fast-and slow-frequency rhythms is responsible for low coherence in depressed women.
We further speculate that low coherence in ultradian EEG rhythms during sleep reflects a compromised and disorganized basic restactivity cycle that persists throughout sleep and wakefulness (Kleitman, 1963) . This interpretation suggests that those with MDD should also show low coherence of ultradian rhythms in waking EEG activity. To date, we are unaware of a daytime ultradian EEG study in MDD, although there is ample evidence that those with depression do show abnormalities in EEG frequencies recorded during 20-60 min of wakefulness (Pollock & Schneider, 1989) . Furthermore, recent data indicate that rest-activity cycles, as measured by actigraphy, are indeed compromised in both adults and children with MDD with an overall disorganization that is more ultradian than circadian in nature (Teicher et al. 1993 (Teicher et al. , 1997 .
The outcome of this study indicates that temporal coherence of ultradian rhythms in sleep EEG discriminates depressed patients, primarily women, from normal controls even when macro-architectural measures do not. The future direction of our research will evaluate whether low coherence is also a characteristic of other psychiatric illnesses or is unique to depression, and whether these measures are state or trait features of depression and the clinical correlates of low coherence.
